New PHENIX measurements of the anisotropic flow coefficients v2{Ψ2}, v3{Ψ3}, v4{Ψ4} and v4{Ψ2} for identified particles (π ± , K ± , and p +p) obtained relative to the event planes Ψn in Au+Au collisions at √ s N N = 200 GeV are presented as functions of collision centrality and particle transverse momenta pT . The vn coefficients show characteristic patterns consistent with hydrodynamical expansion of the matter produced in the collisions. For each harmonic n, a modified valence quark number nq scaling plotting vn/(nq) n/2 versus KET /nq is observed to yield a single curve for all the measured particle species for a broad range of transverse kinetic energies KET . A simultaneous blast wave model fit to the observed particle spectra and vn(pT ) coefficients identifies spatial eccentricities sn at freeze-out, which are much smaller than the initial-state geometric values.
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The quark-gluon plasma (QGP) is a novel phase of nuclear matter at high temperature and energy density, whose existence is predicted by quantum chromodynamics (QCD) [1] . A wide variety of experimental observations at the Relativistic Heavy Ion Collider (RHIC) [2] [3] [4] [5] provide strong evidence for the formation of a QGP in ultra-relativistic heavy ion collisions, particularly (i) the magnitude of the observed suppression of high p T (p T 10 GeV/c) particles, relative to the scaled yield from p+p collisions; and (ii) the large azimuthal anisotropy or anisotropic flow of the low-p T (p T 3 − 4 GeV/c) bulk of hadrons in the final state. The flow of low-p T particles has been attributed to anisotropic expansion of the QGP [6] [7] [8] , and consequently the measured strength of anisotropic flow should be sensitive to the transport properties of the QGP and the mechanism for its spacetime evolution.
The magnitude of anisotropic flow can be quantified by the Fourier coefficients v n of the azimuthal distribution of produced particles [9, 10] 
where v n {Ψ n } = cos(n(φ − Ψ n )) , n is the order of the harmonics, φ is the azimuthal angle of the particles, and Ψ n is the azimuthal angle of the nth order event plane. In early studies with symmetric systems, v n was presumed to be zero for odd n due to the assumption that initialstate energy densities were smooth and symmetric across the transverse plane. The recent observations of sizable v n values for odd n [11] [12] [13] [14] [15] confirms the important role of fluctuations in the initial-state collision geometry [16] .
Model-dependent analyses of the measurements for higher-order harmonics for inclusive hadrons measured in Au+Au and Pb+Pb collisions at RHIC and LHC have indicated that such measurements can provide simultaneous constraints for initial-state fluctuation models and the specific shear viscosity η/s (i.e. the ratio of shear viscosity η to entropy density s) of the QGP [8, 11, [17] [18] [19] . We expect that the new data on higher-order v n for identified particles presented here will provide more stringent constraints for η/s and the reaction dynamics, as well as to further differentiate among initial-state fluctuation models. Here, we show that our v n measurements for different particle species provide (i) more demanding tests for the constituent quark number scaling and quark coalescence models [20] [21] [22] by extending our previously observed scaling for v 2 [23, 24] to higher harmonics; and (ii) new insight on the expansion dynamics, as explored below with blast wave model fits [25] [26] [27] [28] . Charged hadrons are reconstructed in a pseudorapidity (η p ) range of |η p | < 0.35 using the drift chamber (DC) and pad chamber (PC) subsystems [29] . The ring imagingČerenkov counter (RICH) is employed to veto conversion electrons. The azimuthal angle coverage ∆ϕ of PC, DC, and RICH are ∆ϕ = π rad. Time-of-flight detectors in both the East (TOFE, ∆ϕ = π/4 rad) and West (TOFW, ∆ϕ = 0.342 rad) arms are used for π ± , K ± , and p+p identification after the conversion electron veto [30] . The timing resolution of TOFE (TOFW) is 133 (84 ± 1) ps. For p T < 3 GeV/c both TOFE and TOFW detectors were used and a purity of greater than 98% was achieved for particle identification. For p T > 3 GeV/c only TOFW was used, employing the additional information ofČerenkov response by K ± and p +p in the AerogelČerenkov Counter (ACC) detector which overlaps the ∆ϕ = 0.171 of TOFW acceptance; with this, particle purity of greater than 90% was also achieved for 3 < p T < 4 GeV/c as detailed in [30] . The contamination from different hadrons are negligible in this analysis.
Measurements of the flow coefficients v 2 {Ψ 2 }, v 3 {Ψ 3 }, v 4 {Ψ 4 } and v 4 {Ψ 2 } as a function of centrality and p T for π ± , K ± , and p +p (i.e. with charge signs combined) are obtained with both the event-plane (EP) and the longrange two-particle correlation (2PC) methods.
In the EP method a measured event-plane direction Ψ obs n is determined for every event and for each order n, using two reaction plane hodoscopes RXN-N in the North and RXN-S in the South arms of the PHENIX experiment. They have 24 segments in each arm and cover 1.0 < |η p | < 2.8 [31] . The Ψ obs n are determined by weighting the azimuthal angle φ i of each RXN element with its charge deposited by particles for that event as tan(nΨ The 2PC method pairs the hadrons with deposited charges in the RXN segments. The relative azimuthal angle of particle hits in separate η p ranges A and B, ∆φ ≡ φ A − φ B , reflects the products of the v n via dN/d∆φ ∝ 1 + n=1 2v A n v B n cos(n∆φ) [33, 35, 36] . We analyze the ∆φ correlations using event mixing technique for two pair combinations; (A, B)=(HAD,RXN) and (A, B)=(RXN-N,RXN-S).
These correlations then fix the event-averaged products v wide centrality range are obtained by integrating centrality differential measurements with their multiplicity weight [37] .
The systematic uncertainties in the v n measurements were estimated for: (i) EP resolution (correlated among v n (p T ) for each hadron species with the same fraction); (ii) occupancy effects in the detector acceptance (correlated among v n (p T ) for each hadron species with the same constant in the entire p T range); (iii) hadron track reconstruction; and (iv) particle identification. The systematic uncertainties of (i)-(ii) are p T -correlated and those of (iii)-(iv) are p T -uncorrelated. Table I summarizes typical systematic sizes for π ± v n . 
, and v 4 (p T ) for π ± , K ± , and p +p for the EP (solid points) and 2PC (open points) methods in 0%-50% cen-tral collisions; they indicate good agreement between the two methods of analysis. Shown in Fig. 1(d) is v 4 {Ψ 2 }, i.e., the fourth harmonic coefficient with respect to the second harmonic event plane. It can be seen that v 4 {Ψ 2 } is smaller than v 4 {Ψ 4 } but still sizable, indicating significant correlations between Ψ 2 and Ψ 4 [38] as can be ascertained through the trigonometric identity
There are two trends common to all the n = 2, 3, 4 results shown in Fig. 1: (I) in the low-p T region the anisotropy appears largest for the lightest hadron and smallest for the heaviest hadron, reflecting the mass ordering from the common velocity field (i.e. radial flow); (II) in the intermediate-p T (3 p T 4 GeV/c) region this mass dependence partly reverses, such that the anisotropy is greater for the (anti-)baryons (n q = 3) than for the mesons (n q = 2) at the same p T . The p T -correlated systematic uncertainties do not negate the trends of (I) and (II). These patterns have been observed previously in v 2 measurements for identified particles in Au+Au collisions at RHIC [27, 30] , and are also seen here to hold for the higher moments v 3 , v 4 , and v 4 {Ψ 2 }. The mass dependence in the low-p T range is a generic feature of hydrodynamical models, and the dependence on valence quark number in the intermediate-p T region has been associated with the development of flow in the partonic phase [23] . The persistence of these trends for all anisotropic moments n = 2, 3, 4 suggests that all the measured orders of azimuthal anisotropy are driven by similar physics.
The v n of π ± , K ± , and p +p measured with the event plane method are shown in Fig. 2 for the centrality selections 0%-10%, 10%-20%, 20%-30%, and 30%-50%. The same mass dependence of v n is seen in the low-p T region for all harmonics and centralities. The evolution of baryon-meson splitting at intermediate-p T is also observed for all centralities in v 2 and v 3 but could not be confirmed for v 4 in the most central and more peripheral events, or for v 4 {Ψ 2 } in the most central events due to the lower statistical significance of the measurements in those bins.
The baryon-meson splitting in the intermediate-p T region can be taken as an indication that the number of constituent valence quarks n q is an important determinant of final-state hadron flow in this range. Indeed, the v 2 data for identified hadrons had previously been seen to scale such that v 2 /n q was the same for different particle species when evaluated at the same transverse kinetic energy per constituent quark number KE T /n q 1 GeV (KE T ≡ m T − m 0 and m T ≡ p T 2 + m 2 0 , where m 0 is a hadron mass) i.e. "quark number scaling" [23, 30] . We have found that the present data obey a generalization of this scaling where, for each harmonic order n, the values of v n /(n q ) n/2 vs. KE T /n q lie on a single curve for all the measured species within a ±15% range. The adherence of the data to this empirical scaling is shown in Fig. 3 ; it reflects the combination of the quark number scaling for v 2 and the empirical observation of v n (p T ) ∝ (v 2 ) n/2 [13, 17] for charged hadrons, which may stem from the hydrodynamic evolution of the medium [9, 18, 39, 40] , the quark coalescence process [41] , and/or the acoustic nature of anisotropic flow [17] .
The Blast Wave (BW) model [25] [26] [27] is a description of a fluid freeze-out state characterized by its temperature T f and its radial flow rapidity ρ 0 . Here we generalize the description to include azimuthal rapidity anisotropies ρ n and spatial density anisotropies s n for n = 2, 3, 4, where ρ(n, φ, r) and S(n, φ) are defined as ρ(n, φ, r) = ρ 0 (1 + 2ρ n cos (nφ)) × r/R max and S(n, φ) = 1 + 2s n cos (nφ). The spectra and anisotropies of all hadrons freezing out of the fluid can then be predicted via
where I n and K 1 are modified Bessel functions of the first and second kind, α t = (p T /T f ) sinh ρ(n, φ, r), and β t = (m T /T f ) cosh ρ(n, φ, r). Using single particle spectra from Ref. [42] together with the v n data, BW parameters T f , ρ 0 , ρ n , and s n are extracted via simultaneous fitting of the π ± , K ± , and p +p data for KE T <1.0 GeV with a minimization of global χ 2 , separately for each centrality selection and each order n.
The results for the BW parameters are shown in Fig. 4 and the fits to v n (p T ) are compared to the data in Fig. 2 . The freeze-out temperatures and radially averaged flow rapidities ρ = [ρ 0 × r/R max ] rdr/ rdr are in good agreement for the fits at different n, as would be required for a model of freeze-out. These two obtained parameters are consistent with the previous blast wave analysis of single particle spectra presented by PHENIX [43] .
The radial rapidity and spatial density anisotropies ρ n and s n extracted from the fits are shown against the average initial-state spatial anisotropy ε n {Ψ n } = {r 2 cos n(φ part − Ψ pp n )}/{r 2 } , where r and φ part are the polar coordinate positions of collision participant nucleons defined by Glauber models [16, 44] , and Ψ pp n is the participant-plane determined as tan (nΨ pp n ) = {r 2 sin nφ part }/{r 2 cos nφ part }. Here, the brackets " " and "{}" denote averages on events and participants. The amplitude of ε n is smallest for mostcentral collisions and increases with centrality percentile. The ρ n values generally track the ε n on a common curve for n = 2, 3, 4. The spatial density anisotropies s n also show an increasing trend, but with more variation. That is, s 3 < s 2 in midcentral collisions, and s 4 = 0 in relatively central collisions. These trends may indicate that hydrodynamic expansion from a given initial eccentricity results in essentially more quenching of the high-order initial-state geometric moments and converts to sizable anisotropic flow at freeze-out. In summary, the anisotropy strengths v 2 , v 3 , v 4 , and v 4 {Ψ 2 } for π ± , K ± , and p +p produced at midrapidity in Au+Au collisions at RHIC have been presented. The higher-order harmonics v n show particle mass splitting at low p T and baryon-meson difference at intermediate p T very similar to what has been seen already for v 2 . The anisotropies obey a modified quark number scaling where v n /(n q ) n/2 falls on a common trend against KE T /n q for each n, which can be taken as an indication of hydrodynamic expansion, a quark coalescence process, and/or an acoustic nature of the QGP. The data can constrain a generalized Blast Wave model with anisotropies in radial rapidity and spatial density at higher harmonic orders, providing a geometrical and dynamical view of the hydrodynamical expansion at the end of freeze-out. Combined analysis with HBT and jet-like correlations with respect to higher order event planes will further constrain the conditions and properties of the matter created at RHIC.
